Abstract. This report involves the modelling of the Milad Tower using the finite element analysis program Strand7. A dynamic analysis was performed on the structure in order to understand the deflections and stresses as a result of earthquake and wind loading. In particular, Linear Static as well as Natural Frequency and Spectral Response solvers were used to determine the behaviour of the structure under loading. The findings of the report highlight that the structure was modelled accurately with the outputs representing realistic values. The report suggests that the design of the beams, columns, slabs and all structural members was sufficient enough to support the tower during maximum loading cases. The governing load case was earthquake loading.
INTRODUCTION
The Milad tower is a multipurpose tower located in Tehran, Iran. Since Tehran is located close to two tectonic plate fault lines, seismic behaviour is of particular interest. The Milad Tower is the 6th tallest tower in the world, at 436 metres high and is also the 4th tallest telecommunications tower. The tower includes many stories of shops and restaurants as well as being used for telecommunications, with highly sensitive equipment.
The tower, as shown by the photo of the tower in Fig 1, is made up of five main components; the antenna mast, the head structure, the concrete tower shaft, the lobby and the foundation. The antenna mast is a slender concrete section that stretches over 100m, composed of four different sections. The head structure sits around the main concrete shaft and makes up a 12 storey structure. This structure is a space basket and consists of radial and peripheral beams and columns.The radial and peripheral beams transfers the loads directly to the columns. The loads from the columns are transferred directly to the steel basket and then to the concrete shaft.
The concrete shaft carries most of the gravitational and lateral loads of the structure. It is 315 metres high and consists of four main tapered trapezoidal walls and two octagonal shapes connected by several walls. The octagons are post tensioned in order to increase the bending capacity and stiffness of the structure to reduce the deflections. The foundation and lobby area consists of a circular foundation which is a transition structure (Yahyai et al. 2009 ). The circular mat foundation is approximately 66 metres in diameter and sits directly beneath the transition structure. The transition structure is a pyramid shape and is made up of a central core, inclined walls and triangular-shaped walls. The structure is also post-tensioned in order resist the high stresses and punching shear that the foundation will experience.
The Milad Tower was proposed as part of the 'Shahestan Pahlavi' project, which was planned to encompass five million square metres, accommodating 50,000 residents, government ministries, commercial offices and a variety of cultural centers (libraries and museums). However this project was cancelled following the 1979 Revolution. The tower was brought back and construction began in 1997, taking 11 years to complete (2008) . The structure is multipurpose, consisting of 63 trade units, many food courts, observation decks, telecommunication services and a carpark of 27,000 m 2 . The Structure of the Plan: Space structure around the concrete core. Number of Floors: 145 floors above ground, a 6 storey lobby and 12 levels in the head structure
FIGURE 1. The Milad Tower in Tehran

STRUCTURAL MEMBERS
Below is the description of the members of the structure:
Floor system: Concrete slab (220mm deep with N16 bars at 300mm centres) sitting on steel beams, acting compositely (the slab provides lateral restraint to the top flanges of the beams). Beams:
Steel beams (460UB82.1) are in the space truss and extended radially from the core, the beam span is 10m at the perimeter and 5m at the core. Columns:
Steel columns (350WC158) are in the space truss and the largest column spacing is 10m at the perimeter. The column spacing closer to the core is 5m. Floor to floor height is 4m. Core:
The core is 40MPa concrete and consists of four main tapered trapezoidal walls and two octagonal shapes connected by several walls, as shown by Fig. 1 . The octagons are post tensioned in order to increase the bending capacity and stiffness of the structure to reduce the deflections, in particular for the wind loading. Foundation:
The foundation design was outside the scope of this project and the boundary conditions. For this reason, the substructure and associated structure at the base of the tower have not been analyzed. The bottom of the tower is fully fixed to prevent translational and rotational movement. This aims to provide a similar representation of the foundation in real life. Table 2 shows the Structural elements of the tower and the comparison between the suggested members from the Australian Design Codes and the members chosen for the design. Figure 2 shows the key plan of the core of the structure at ground level. The central concrete core extends through the entire structure. The hollow concrete structure has a large amount of area away from the centroid and thus has a large second moment of area, which contributes greatly to increasing the stiffness for lateral loading. The core has varying degrees of post-tensioning, depending on the height, which increases the bending capacity of the structure as well as the stiffness. By increasing the stiffness of the structure, the mast will also deflect less.
STRUCTURAL SYSTEM
The lateral loads from wind that act on the concrete core will place one side of the structure in tension and the other in compression. The post-tensioning within the structure will aid in resisting the tensile forces in the concrete and reduce potential cracking. The tower can be treated as a cantilevered beam structure, where lateral loading will induce a bending moment through the system. This bending moment will travel through the structure and into the foundation. The design of the foundation is outside the scope of this analysis and it is assumed that the base of the structures acts as a fixed support.
FIGURE 2. Plan section of the concrete core of the tower at ground level
The main components of the head structure are the radial and peripheral beams, columns, space basket and concrete shaft, this can be seen in Fig. 3 . Figure 3a shows an isometric view of the head structure, which includes the 12 floors of restaurants and shops. Figure 3b shows a cross section of the head structure and the critical structural members, namely the slabs, steel space basket, radial beams and the peripheral beams and the core shaft. The structure firstly transfers loads to both the radial and peripheral beams. The radial beams are between columns or between the columns and the concrete shaft, working to transfer the loads from the slab to the columns or to the shaft. The peripheral beams are on the perimeter of the structure and work to transfer the loads to the columns. The columns will transfer the loads through columns or to the space basket, which is finally transmitted to the concrete shaft. Figure 4 shows a plan view of level 7 of the head structure, which is the biggest floor. As shown by the layout, the I-beam columns are orientated outwards to ensure the major axis bending is in the radial direction. This is done to increase the stiffness and reduce deflections in the radial direction. However, the members for the columns are steel welded columns, which are also quite stiff in minor axis bending, meaning that the capacity is also quite high in the minor direction. The layout for each of the other floors is very similar to the level 7 layout shown in Fig. 4 .
The beams and columns were designed in accordance with Australian Design Codes to be 460UB82.1 and 310UC158 respectively and the concrete slabs were initially designed to be at a depth of 210 mm. The members had been designed in accordance with strength and the members were put into the Strand7 model and the linear static analyses were performed. It was found that the deflections of the members were too great as they were exceeding design deflection limits hence the members were changed to 460UB82.1 and 350WC230 for beams and columns respectively and 220 mm slab depth. This member choice is shown in Table 1 and discussed further in the results section. Figure 5a . shows an elevation of the structure, with a total height of 436m, which highlights the slenderness of the tower and hence the sensitivity to lateral loading. Figure 5b . shows a typical detail of the slab to beam connection for the floors of the head structure. It should be noted that full lateral restraint is provided to the top flange of the beam, which reduces the tendency of the beam to flexurally torsionally buckle, when the top flange is in compression. This is the case for most of the beams on the floors. However, at the same time, when the beams are cantilevered (such as at the outer edge of each floor), the bottom flange will be in compression. Therefore, the slab will provide no restraint to prevent the torsional buckling mode. Therefore, a deep UB section was chosen to provide sufficient bending capacity. 
Central
LOADS
The following describes the methodologies involved to determine the different loads which would be imposed on the structure to run in Strand7.
The Dead Load of the Floor
The dead weight of the floor was calculated over the 12 floors of the head structure. The slab depth was 220mm thick. And an additional dead load of 1kPa to account for services and furnishing was also added. Thus, the dead load of the floor is:
The Dead Weight of the Beams and Columns
The dead weight for the beams were calculated by finding the mass per metre of both the columns and beams (provided by the One Steel Manufacturing Catalogue). The weight was found multiplying the mass per length by gravity. 
The Live Load on the Floor
The live load was found from AS1170.1 (2007) to be 2kPa for restaurants. Therefore,
The Maximum Design Load on the Floor
The maximum design load for the floor can be found using the load combinations in AS/NZS1170.0. The worst case was given by a combination of the pressure from the floor and live load as well as the dead load from the beams and columns.
Wind Loading on the Tower
The wind load was applied as a pressure to the plates on one side of the building. The velocity profile, varying with height was found in accordance with AS/NZS1170.2 (2011). The terrain category was taken to be 2 as Tehran's skyline is similar to the profile described by TC2. The velocity of the wind flow was established from the mathematical expressions developed from the Deaves and Harris model (D&H Model, 1978) . This model is based on full scale data and the mean velocity flow profile in strong winds and is derived using the logarithmic law. Equation 7 below can be found in the supplementary document for AS/NZS1170.2
Where the mean velocity is based on a mean gradient wind speed of 50 m/s. ̅ is the design hourly wind speed at height z, * is the friction velocity which is a non-dimensional measure of the surface shear stress, 0 is the roughness length and is the gradient height which are experimentally found parameters which vary with the terrain category. Once the mean velocity has been found, it is used to find the gust wind speed which is given by Eq. 8.
Where is the fluctuating wind speed (standard deviation) of the flow and is given by Eq. 9.
Where is defined by Eq. 10 below.
The velocity profile was then converted to a pressure using Eq. 11 found in AS/NZS1170.2.
Cfig was taken as 0.7 (for a cylindrical cross section) and Cdyn was taken as 1. The velocity and pressure profiles are shown below in Fig. 6a and 6b.
FIGURE 6. (a) Wind velocity profile (b) Pressure profiles acting on the structure
It can be seen in Fig. 6b that the pressure profile cannot be accurately modelled by a single straight line equation. Therefore, the curve was separated into four separate approximate linear sections. The pressure equations were applied to the model in Strand7 as plate loads in the global horizontal direction varying with height z. To increase accuracy, the head structure was modelled with 30mm glass panels which the load was applied to.
Earthquake loads on the fixities of the building
The earthquake loads were applied by first conducting the natural frequency analysis to determine the natural vibrations of the building. The natural frequency analysis was run for 20 modes, 17 of which were converged. From this, a load factor vs. period table taken from AS/NZS1170.4 for soil class C, as discussed in the earthquake analysis section.
Load Paths
The floor loading is transmitted through the slab to the beams, which is then transferred to the columns. The load then moves down to either the space basket, or the columns below which is transferred to the concrete core shaft, which is finally taken to the foundation. This can be seen in red in Fig. 7 . The wind loading acting on the structure will act on the glass panels which will be transmitted to the beams and columns. The loads will then move through the beams, columns and space basket until it reaches the concrete core, which transmits the loads to the foundation. The wind acting on one panel can be seen in Fig. 7 in blue, this shows how the load moves through the structure when acting at that particular level. 
NUMERICAL ANALYSIS
The model was created by modelling one quarter of the tower and then mirroring it about the vertical axis to create the full model. The first section was to model the concrete core, shown by the yellow plates in Fig. 8a . Using the cylindrical coordinate system, the nodes of the concrete shaft were input and connected with beam2 elements. The beams were extruded up a height of 250m, the height at which the head structure begins, creating plates members (plate members will be subdivided later to create square mesh).
The core shaft for the head structure, shown as the green plates below in Fig. 8a was modelled. The nodes for the coordinates of the first floor were drawn. These nodes were linked with beam2 elements, shown in red in Fig. 8a . Quad4 plate elements were drawn between the beams. The plates and beams for the first floor were subdivided to create squarish elements which can be seen in Fig. 8b . It is to be noted to ensure that the nodes for the beams and the plates line up, to guarantee that the mesh is compatible. The columns are modelled by extruding the according nodes upwards by a height of 4m. Lastly, the nodes on the outermost part of the floor were adjusted to an absolute radial value. Therefore, a curvilinear approach to the mesh was utilized. The final mesh for the first floor is shown by Fig.  8b for one quarter of the building.
FIGURE 8. (a) Beam layout for first floor, (b) First floor mesh ,(c) Second floor mesh, (d) Spire mesh
The second floor was generated by copying all plates and beams for the first floor to a height of 4m above the first floor. From this, the extra nodes, beams and plates were input in the radial direction, shown by Fig. 8c . Again, this process was repeated, adding the necessary plates and beams as the floor number increased, in order to match the structural design of the head structure. Once all twelve floors were completed, the spire was added to the top of the building. This involved drawing elements similar to how the core was modelled. From this, these beams were extruded upwards to create plates and subdivided accordingly, as shown by Fig. 8d . This was then done again at a smaller diameter, to represent the spire getting narrower as the height increases.
Lastly, the yellow plates shown in Fig. 8a were subdivided to match the mesh for the green plates. The quarter section of the model is now ready to be copied and mirrored about the vertical axis in order to create the full model. The total model involved roughly 50000 plates and 4000 beams, with the mesh size equating to roughly 1m x 1m squares. Although this mesh will lead to a substantial computational time for the different solvers in Strand7, it assists in providing a more realistic stress distribution, especially in high gradient stress zones.
With regards to the restraints for the model, the only restraints provided were fully fixed restraints to the bottom nodes. All other nodes in the model were left as free. It should be noted that the vast majority of the modelling was performed using the cylindrical coordinate system, to allow the use of radial measurements. This assisted in ensuring an appropriate mesh for the model, to increase the accuracy of the tower design.
Once the model was created with the associated boundary conditions, the properties were allocated for each member type. This involved using the Structural Steel library available in Strand7 to allocate all steel sections for beams and columns. The concrete members including the slabs and the core shaft were then chosen as the appropriate sizings and characteristic strengths. Figure 9a shows an elevation view of the full mesh, along with close-up views of the meshing at the connections of the slab and the core shaft and a view of the full head structure. Figure 9b shows an isometric view of the concrete core shaft and the mesh used. As mentioned earlier, it is critical that the mesh used has no incompatibilities, as this will lead to inaccurate results for the stress distributions.
member sizes of the main elements of the structure are displayed below in Table 3 . 
Linear Static Analysis
The linear static analysis involved two loading cases; dead load and live load. The dead load was performed by applying gravity to the structure as well as the additional 1kPa imposed load. The live load involved applying a 2kPa face pressure to the slab plates in the head structure (which is the live loading for restaurants according to AS1170.1, 2002 . A loading combination of 1.2G + 1.5Q was then applied. The deflection contours are shown by Fig. 10 . As shown by Table 4 , the maximum deflection is 75mm at the cantilevered sections of the slabs. It should be noted that this is a global deflection of 75mm. That is, the deflection of the core section is 45mm. The local deflection of the slab was found to be 30mm, which is within the deflection limits stated by AS1170.1. The stresses in the concrete slab, particularly for the combined case are significant. This could cause cracking of the section, meaning that slab depth could arguably be increased to gain a higher capacity. However, this does create issues with having excessive masses high up in the building and thus increases the moment effects in an earthquake.
Static Wind Analysis
The static wind analysis involved applying the global pressure that was discussed previously. The load was applied to the plates as pressures, in the global x direction, varying with height z (m). These results are shown by Fig. 11a and 11b. As shown by the results, the largest deflection for the plates is 873mm.
FIGURE 11. (a) Wind Loading applied to head structure, (b) Deflection results
Natural Frequency Solver
In real situations, structures are subject to random fluctuations in wind speed that will interact with the vibrational modes. This results in a dynamic wind load which varies in time acting on the structure. Therefore, it is not realistic to solely base a tall building design on a static analysis. In particular for high-rise buildings, the wind loads and earthquake loads activate the structures natural frequencies which in turn produce oscillations which must be damped. Instead, the use of a dynamic analysis provides a closer representation to how wind acts on structures, particularly for those outside the scope of the Australian Design Codes.
For any multistory structure the matrix element equation becomes (Alonso-Marroquin, 2016).
Where M is the matrix equation, Ṻ is the acceleration vector, K is the stiffness matrix, U is the displacement vector and F(t) is the time dependent force acting on the structure. Normally, a transient solver will provide a solution to Eq. 12. However, due to the enormity of the Milad Tower an alternate method can be used which is known as the Spectral Response Solver. The theory and methodology for this is explained in detail below.
A Natural Frequency solver is first used to determine frequencies, modes and mode shapes which can later be utilized in a Dynamic Wind and Earthquake Analysis. To do so, an oscillatory function with a frequency ω is substituted into Eq 12. This takes the form of:
In terms of the mathematical process of finding the natural frequencies, Eq. 12 is used and the external forces and damping forces acting on the structure are taken as 0:
Solving this equation yields a polynomial function of ω 2 , which is the natural frequency of a mode. The order of this equation is equal to the number of degrees of freedom for mass displacements in the structure. This will then provide the natural frequencies in the structure. The natural frequencies of the structure as calculated in Strand7 can be seen in Table 5 . By finding the natural frequencies ω, the different mode shapes can be found. By replacing Eq. 13 above into Eq. 12, we obtain Eq. 15 below. This equation is solved for Ui for each mode of the structure.
Ui is solved utilizing the relationship shown in Eq. 16: This is the simplified process for how Strand7 solves natural frequencies of the structure.
Dynamic Wind Analysis
The second step of the analysis involves generating a Power Spectral Density (PSD) curve for the wind force. A PSD curve gives a measure of the winds intensity within the frequency domain. Utilising the Strand7 webnotes, it was possible to develop an equation for the curve based off a number of variables specifific to the Milad Tower, as shown by Eq. 17. 
Where; ( )=wind pressure factor, Cd=drag coefficient, =air density, V=wind velocity, k=surrounding surface roughness parameter, x= and n=frequency. The resulting equation yields the Wind Force PSD as shown in Fig.  12 .
FIGURE 12. Factor vs. Frequency graph for dynamic wind analysis
This graph is then included in the Strand7 spectral response analysis as a factor vs frequency table. The Wind Force PSD has the effect of factoring the wind effects at certain frequencies. Therefore, when the building's natural frequencies coincide with the frequencies that are heavily factored, the effect of the wind loading will be significantly greater. The peak shown by the graph occurs at approximatley 0.1Hz, which coincides with the Fundamental Mode of frequency of the tower, as shown by the natural frequency solver. Therefore, the response of the building to dynamic wind will be more intense. It is important to note that a number of different factor vs frequency graphs exist, and they are greatly dependent on the location of the wind. Therefore, there is a degree of uncertainty in this calculation, however it provides a platform for further research into the area of wind dynamics. Other effects of wind that should be considered is the crosswind excitation which occurs due to a process called vortex shedding along the height of the building.
Utilising the Strand7 spectral response solver with the included natural frequencies, factor vs frequency graph, and the applied wind pressures (as opposed to base acceleration for earthquake) we are able to calculate the displacments and stresses of the various modes of vibration. Utilising the combined SRSS case it is then possible to determine the peak displacments, stresses and their locations within the structure as shown in Fig. 13 . As shown by the results, the largest deflection for the plates is 2.74m.
FIGURE 13. Deflection and peak stress locations of spectral Analysis case SRSS
Earthquake Analysis
The earthquake design involved using the previously determined natural frequency vibrational modes. From this, a spectral analysis was performed. The spectral analysis solves ordinary differential equations by utilizing harmonic oscillator with the natural frequency and damping ratio to an imposed acceleration. Both SRSS and Modal analysis were used for the earthquake analysis. Spectral analysis involved inputting a relationship between spectral ordinates ℎ ( ) and period (T) (factor vs. frequency). The soil category was chosen to be Class C as this is the most similar geological conditions , in accordance with AS1170.4 (2007 . This is shown by Fig. 14. 
FIGURE 14. Spectral Response curve (AS1170.4, 2007)
The ℎ ( )factor is the spectral shape factor for the period of T seconds. This varies with the type of soil class that the structure sit on. The earthquake was then factored by 0.22 of the value of gravity and applied in the x direction to simulate an applied earthquake along a single axis. Since the model is axisymmetric, the effect would be the same from the y direction. The earthquake was applied as a base acceleration, to represent the ground moving. The results for the plate deflection in the x direction are shown by Fig 15. Figure 16 shows the deflected shape for a number of different natural frequencies. Due to the height of the tower, there are many different failure modes, all of which need to be considered during the design process.
FIGURE 15. Earthquake Deflection Contour Plot
FIGURE 16-Defleced shape of different vibrational modes and their frequencies.
The modal analysis finds the natural frequencies of the structure and the shape of each mode at that frequency. As the mode shapes are orthogonal, they can be expressed as a linear combination of these eigenvectors. Using Eq. 13 and 14, the mode shapes Ui can be found and the mass participation factor for each node subsequently calculated.
Where r is taken as an arbitrary vector in the number of degrees of freedoms dimensional space. At every mode, mass participation will take place and will be associated with a frequency. The mass participation is the amount of mass which has contributed in that mode. All modes with a lowmass participation can be ignored. The accumulated mass participation is expected to be greater than 90%. A value of 84.31% was obtained through the calculations on Strand7 which for the deisgn of a tall structure is relatively close to the expected outcome. The results of mass participation can be seen below in Table 6 . 
Maximum Axial Load
The maximum axial load found to be acting on a member is the column situated at the bottom of the steel basket. The tower head is 12 stories tall and therefore there are 11 stories acting on the column. The slab, beam and predicted column size are to be accounted for when considering the axial load.
Initially, a slab depth of 210 mm was selected to determine the loading combinations to apply to the slab. The dead load had an additional 1 kPa added to it for services and furnishing. The 2 kPa was chosen in accordance with AS1170.1, table 3.1, for a typical restaurant loading.
The actual slab area is a complicated shape, however for simplicity, the tributary area for the slab was assumed to be a 9 by 9 metre square. The method used was a deemed-to-comply approach: ∆ is limited to 1/500 where provisions are made to minimise the effect of movement.
3 is taken as 1 given by 9.3.4.2(a) 4 is taken as 3.6 for all four edges of the slab being continuous (Table 9. 3.4.2) is taken as 32,800 MPa given by Table 3 Therefore, the final design of the slab is 220 mm depth with N16 bars at 300 mm spacing's.
